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In this pilot study, we estimate roe deer Capreolus capreolus density in
a fragmented landscape, using radio-tracking and direct observation in a Pe-
tersen-Lincoln framework with the joint hypergeometric maximum likeli-
hood estimator. We used radio-tracking to obtain a direct count of the
number of marked animals potentially observable in a given sample area,
thus avoiding edge effects. We then carried out a coordinated observation
survey, including drive beating, to ascertain the proportion of marked roe
deer in the population sampled and thus generate a population estimate.
Surveys were repeated three times in four sample blocks within the fragmen-
ted landscape, and estimates were compared to a sample block of a central
forest in the same area. In general, roe deer are difficult to observe and
census, but our experimental set-up in the fragmented landscape enabled
us to observe on average 75% of marked animals present in a given survey
(compared to 21.5% in the central forest). The variability in capture prob-
ability between individuals was low as three quarters of all marked individ-
uals were observed in all, or all but one, of the surveys. Density estimates
were largely similar across the sample blocks of the fragmented landscape
(4.0-7.9 deer/100 ha), but lower than in the central forest (34.3 deer/100 ha).
The variability of daily population estimates was quite low and similar in the
fragmented landscape (CV of 25.9%) and the central forest (CV of 25.3%).
Taking availability of woodland into account, the density in the fragmented
landscape was as high, or higher, than in the central forest, reaching an
exceptional 145.3 deer/100 ha of woodland in one survey area.
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Estimating animal abundance is a major obstacle
for wildlife researchers and managers alike (Seber
1982, Williams et al. 2002). This is particularly the
case for woodland species such as the roe deer Ca-
preolus capreolus which is secretive and hence diffi-
cult to observe (see Gaillard et al. 1993) compared
to other ungulate species living in more open habi-
tats (e.g. bighorn Ovis canadensis: Bodie et al. 1995;
elk Cervus elaphus: Cogan & Diefenbach 1998; and
caribou Rangifer tarandus: Mahoney et al. 1998).
The roe deer has undergone a recent demographic
expansion at the European scale (Danilkin & Hew-
ison 1996, Andersen et al. 1998) and has concomi-
tantly colonised new and more open habitats (Hew-
ison et al. 1998). At present, the species is found in
landscapes with varying degrees of forest fragmen-
tation where distribution and ranging behaviour
depend on landscape structure (Lovari & San José
1997, Hewison et al. 2001, Cargnelutti et al. 2002,
Coulon et al. 2004).

The problem of estimating roe deer abundance
was first highlighted by Andersen (1953), who de-
scribed an experiment in which the population
number was first estimated using traditional meth-
ods applied by hunters in the course of their yearly
census for management purposes. Subsequently,
the whole population was shot in order to assess
the accuracy of the hunters’ estimate. The final
count was more than three times higher than the
original estimate of 70 deer. Since then, some
authors have suggested alternative methods to esti-
mate roe deer density, including using distance sam-
pling, e.g. line transects (Gaillard et al. 1993), strip
transects (Zejda 1984), pellet group counts (Mcln-
tosh et al. 1995), vocalisations (Reby et al. 1998) or
indices of abundance to provide temporal trends
(e.g. the kilometric index; Vincent et al. 1991).
Techniques based on capture-mark-recapture (Pol-
lock et al. 1990) remain the most reliable tools to
provide estimates of population density of roe deer
in closed habitats (e.g. Gaillard et al. 1986). How-
ever, as yet there is no information available in the
literature on estimating population density of roe
deer in a fragmented landscape context.

In this paper, we describe a pilot study to estimate
roe deer population density in a fragmented land-
scape within a Petersen-Lincoln framework (see al-
so Strandgaard 1967, McCullough & Hirth 1988),
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using the joint hypergeometric maximum likeli-
hood estimator (White 1996, White & Shenk
2001). More precisely, our method comprises the
use of radio-tracking to determine the exact number
of marked animals present during each survey of
sample plots (see Eberhardt 1990), thus avoiding
edge effects (sensu Seber 1986), followed by recap-
ture through direct observation. Further, we report
average and between-individual heterogeneity in
the probability of observing a roe deer in such
a landscape. We also compare density estimates
and parameter values with those derived from a sim-
ilar approach carried out in a non-fragmented for-
est within the same area.

Material and methods

Study site
Our study was carried out in a fragmented land-
scape in the canton of Aurignac (N 43°13', E
0°52"), situated in the Comminges region of south-
western France along the Nére valley. It is a hilly
region, rising to a maximum of 380 m a.s.l., which
has undergone substantial modification due to in-
tensification of agricultural practice leading to aloss
of hedges and copse, planting of new crop types
(corn Zea mays, sorghum Sorghum spp.) and an
increase in average field size. This has resulted in
a mixed landscape of open fields and small wood-
land patches (average size of 3 ha), with a central
larger forest of 800 ha. The primary land use is pas-
toral for sheep and cattle grazing, but with agricul-
tural crops increasing. The total study area covers
about 7,500 ha of which about 25% are wooded
(Fig. 1). The human population is present through-
out the site, in small villages and farms distributed
along the extensive road network which covers the
study site.

The natural vegetation of the area is classified as
a southwest European lowland-colline downy oak
forest (Bohn et al. 2004). At present, the landscape
is characterised by woodland patches dominated by
oak Quercus spp., often associated with hornbeam
Carpinus betulus, whereas the central forest is
a mixed species forest of Douglas-fir Pseudotsuga
menziesii, pine Pinus spp., oak and hornbeam. The
understorey is dominated by brambles Rubus spp.,
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common honeysuckle Lonicera peryclimenum, ivy
Hedera helix and butcher’s broom Ruscus aculea-
tus. The climate is oceanic with an average annual
temperature of 11-12 °C and 800 mm of precipita-
tion, mainly in the form of rain.

In the forest, the visibility is limited to around
35 m on average, but ranges within < 5-> 100 m
depending on understorey structure. In the frag-
mented zones roe deer may be observed up to
800 m away, but are more generally seen at a dis-
tance of <400 m.

The roe deer population is hunted on a regular
basis by drive hunts with dogs during winter (Sep-
tember-January) and stalking during summer
(June-August; bucks only). The hunting teams are
organised at the communal level such that each
sample block (see below) is hunted by a different
team. Roe deer density in the central forest was pre-
viously estimated at around 20 deer/100 ha (Reby
et al. 1998). No density estimates are available for
the surrounding fragmented landscape, but stan-
dardised car transects during winter (counts of all
roe deer seen along a 85-km circuit of the study site,
repeated at dawn and dusk 6-10 times per year dur-
ing February-March) indicate a relatively stable
population during 1992-2001, followed by a de-
crease in 2002 and a subsequent increase.

Study population

We caught roe deer during winter using large-scale
drives of 30-100 beaters and up to 4 km of long-
nets. Deer were weighed, sexed, equipped with ra-
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Figure 1. Study area showing the four sam-
ple blocks in the fragmented landscape (B-
E) and the central forest block (A). Wooded
habitat is indicated in grey.

dio-collars (either Biotrack or Televilt VHF sys-
tems, or Lotek GPS systems) and released on site.
The collars were individually identifiable by the col-
our code of rubber strips attached to the collar. In
the winter of 2004/05, we caught 19 roe deer in the
central forest and 23 deer in the surrounding frag-
mented landscape. The majority of marked roe deer
in the fragmented landscape were concentrated in
four separate zones (Table 1), hence for this study
we carried out data collection in these four zones
plus the central forest area.

Data collection

For each zone, we considered the area that was
beaten during the roe deer catch as the sample
block. Hence, we defined five blocks, one in the
central forest and four in the surrounding fragmen-
ted landscape (see Fig. 1), covering 123-301 ha (see
Table 1). The block boundaries were generally
roads or tracks and were often situated on hill
crests, affording good visual cover of the sample
block (except for the central forest). Up to 19
marked roe deer were potentially present in the cen-
tral forest sample block, and 5-7 in each of the frag-
mented landscape sample blocks. We carried out
data collection between 10 March and 8 April
2005. After the catching operations were completed
and once the hunting season had closed, data col-
lection was carried out during 2-3 hour surveys
which took place just after sunrise or just before
sunset, when roe deer are most active (Jeppesen
1989).
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Table 1. Characteristics and parameters obtained during the three observation surveys for estimating roe deer population density in
four sample blocks (B-E in Fig. 1) of a fragmented landscape. M gives the number of marked animals present, and m the number of
marked animals observed out of the total number of observed animals (n) for a given survey. See text for details about the calcula-

tion methods.

Petersen-Lincoln

Sample block Surface area (ha)  Woodland (ha) Survey M m n population estimate  m/M (%)
Fabas plain (B) 301 15 1 6 5 20 23.5 83.3
2 4 4 16 16.0 100
3 6 5 22 25.8 83.3
Embargade (C) 123 19 1 5 4 8 9.8 80.0
2 3 3 6 6.0 100
3 4 2 7 12.3 50.0
Touch mort (E) 221 55 1 S 4 17 20.6 80.0
2 4 4 15 15.0 100
3 4 1 6 16.5 25.0
Peyrissas (D) 275 21 1 3 1 4 9.0 333
2 4 3 12 15.3 75.0
3 5 5 10 10.0 100

Immediately prior (< 1 hour) to each survey in
a given sample block, we first radio-tracked all col-
lared animals in the area using a RX 100 Televilt
receiver and a Yagi antennae in order to establish
the number of marked individuals that were present
within the boundaries of the block to be surveyed,
and hence potentially observable. The location of
these marked animals was also verified at the end of
the survey. Subsequently, a team of four observers
conducted the survey in the following manner: for
sample blocks located in the fragmented landscape,
two observers used a series of vantage points along
the block boundaries to survey the area. Simulta-
neously, the remaining two observers walked along
parallel pre-determined transects, cutting through
the block and visiting all woodland patches and
other closed habitats. The four observers pro-
gressed through the sample block in a synchronised
manner and maintained constant radio contact us-
ing hand-held radios. All observations of roe deer
during the survey were noted, along with the time
and the location. Roe deer were identified to sex,
age class (juvenile or adult) and whether they were
radio-collared or not (otherwise, as 'unidentified').
When marked, the observer identified the individ-
ual roe deer by the colour code of the collar using
binoculars and/or a telescope. In some cases, a few
animals with radio collars which no longer worked
were present in the survey blocks. As the presence of
these animals in a given block could not be deter-
mined a priori by radio-tracking methods, for the
purposes of the surveys, when observed, these ani-
mals were considered as unmarked. To avoid any
double-counting, observers notified their colleagues
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of deer observations in real time by radio. In the
central forest, we followed the same procedure with
the following exception: because visibility was much
poorer (see above), all observers moved along pre-
determined transects within the sample block. The
transects were sufficiently distant so as to ensure
that roe deer were unlikely to be counted twice (see
Reby et al. 1998).

Statistical analysis

We considered the four sample blocks situated in
the fragmented landscape as four spatially indepen-
dent surveys for estimating deer density in this frag-
mented landscape (blocks separated by on average
2.6 km, but see below). We compared parameter
estimates and variability of these four blocks with
those for the central forest. For each of the four
blocks in the fragmented landscape, we carried
out three survey repetitions on different days (with
at least two days between surveys of a given block)
and for the central forest block we carried out eight
survey repetitions. We considered the separate sur-
veys as replicates for a given block.

For each replicate, following Eberhardt (1990),
we calculated a Petersen-Lincoln estimate of popu-
lation size using Chapman’s (1951) modification of
the standard Petersen-Lincoln equation:

& _ (Mi + Dnj + 1)
N T ey

where M; is the number of marked animals in the
study block during the ith survey, n; = the number of
animals observed during the ith survey, and myj is the
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number of marked animals in the observed sample.
In our study, M; was the number of radio-collared
animals in the study block at the time of each survey.

Following Eberhardt (1990), from the individual
replicate estimates, we calculated a coefficient of
variation for each sample block derived from the
usual sample estimate of the variance as:

SR - Ry

2 _
5= k-1

where k is the number of daily surveys conducted.

We then calculated average population size for
a given sample block using the joint hypergeometric
maximum likelihood estimator proposed by White
(1996) in the NOREMARK software. Because the
survey blocks were not geographically closed, we
used the Immigration-Emigration extension of this
estimator (Neal et al. 1993, White 1996), which al-
lows for animals moving on and off the study area
through a binomial process where a known number
of marked animals M; of the possible T; animals
with transmitters is present in the block for the ith
survey (White 1996). We assumed that the blocks
were demographically closed, as no hunting oc-
curred during the survey period, and natural mor-
tality is likely insignificant over the short period
considered.

Results

In the fragmented landscape, we observed a vari-
able, but on average high (> 75%), proportion of
the marked deer present in a given study block (see
Table 1). Indeed, on four of 12 survey occasions, we
observed all of the marked roe deer in a particular
block. This compared to a much lower average val-
ue of 21.5% of marked roe deer observed in the
central forest block during the eight surveys (Ta-
ble 2).

Density estimates in three of the four sample
blocks in the fragmented landscape were not signif-
icantly different, with average estimates of 7.2 (CI :
6.6-9.2),7.3(CI:6.5-10.6) and 7.9 (CI: 6.6-11.1) roe
deer per 100 ha. In the fourth sample block (Pey-
rissas), density was significantly lower (non-overlap-
ping confidence intervals) at 4.0 (CI: 3.5-6.3) roe
deer per 100 ha. Density was estimated as 4-8 times
higher in the central forest block (see Table 2).
When taking into account the different availability
of woodland habitat in the different sample blocks,
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Table 2. Characteristics and parameters obtained during eight
observation surveys for estimating roe deer population density in
the central forest sample block (A in Fig. 1) of 159 ha (100%
woodland). M gives the number of marked animals present,
and m the number of marked animals observed out of the total
number of observed animals (n) for a given survey. See text for
details about the calculation methods.

Petersen-Lincoln m/M
Survey M m n population estimate (%)
1 18 8 17 37.0 44.4
2 17 2 7 47.0 11.8
3 17 2 5 35.0 11.8
4 18 5 19 62.3 27.7
5 16 4 17 60.2 25.0
6 15 1 5 47.0 6.7
7 15 5 16 443 333
8 18 2 9 62.0 11.1

the density estimate for the central forest block
(100% woodland; density of 34.3 deer/100 ha) was
quite similar to that in three of the four blocks (24.7,
15.4 and 7.5% woodland; density of 31.6, 46.8 and
52.4 deer/100 ha of woodland, respectively) in the
fragmented landscape. When taking into account
woodland availability, density in the most open site
(Fabas plain) was considerably higher (5.0% wood-
land; density of 145.3 deer/100 ha woodland). Var-
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Figure 2. Proportion of individual roe deer that were seen 0-3
times during the three surveys in each sample block of the frag-
mented landscape (A) and the eight surveys in the central forest
sample block (B).
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iability of density estimates across surveys for a giv-
en sample block was generally not high, and was
similar in the fragmented landscape (average CV =
25.9%; range: 16.7-34.0%) and in the central forest
block (average CV = 25.3%; range: 15.3-29.5%, for
three surveys sampled randomly from the pool of
eight, repeated four times).

Among the marked roe deer, we observed low
heterogeneity in observation probabilities of indi-
viduals in the fragmented landscape. Of the marked
animals which were present in the sample block on
each of the three survey occasions, 75% were ob-
served at least twice and none of them were never
observed (Fig. 2A). By comparison, of the marked
animals present on at least three sample occasions
in the central forest sample block, almost half (44%)
were never seen and only 28% were observed on two
or more occasions (out of eight surveys; Fig. 2B).
No marked animal was observed more than three
times out of eight in the central forest block.

Discussion

Using radio-tracking and direct observation sur-
veys, we were able to generate quite precise esti-
mates of roe deer population density in a fragmented
landscape. While surveys were carried out in rather
small sample blocks relative to roe deer home-range
size, using radio-tracking prior to and following
each survey allowed us to directly assess the number
of marked individuals present, and hence potential-
ly observable, in the surveyed block. Using this ap-
proach, we were able to avoid edge effects, that is,
partial exposure to capture for animals with ranges
that are only partly included within the surveyed
area (Eberhardt 1990, Neal et al. 1993, White &
Shenk 2001). While the number of marked animals
per study block was relatively small (5-7), significant
bias in density estimates is unlikely as we consistent-
ly observed a high proportion of marked animals
(see below), although it may lead to wider confi-
dence intervals. Our study highlighted some note-
worthy points which are worth further discussion.
First, during the surveys we observed a high pro-
portion of the marked animals present in the frag-
mented sample blocks, notably in comparison to
the central forest block. In fact, in the fragmented
landscape most of the animals were seen most of the
time; at least three quarters of marked animals were
observed in 75% of the surveys (see Table 1). In
contrast, in the central forest < 30% of marked
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animals were observed in 75% of the surveys (see
Table 2). Furthermore, although we were unable to
test this formally due to the small sample size (only
12 deer were present on all three survey occasions in
the fragmented landscape blocks), the assumption
of equal probability of re-capture (observation) be-
tween individuals was most likely respected; most
marked roe deer (75%) were observed either twice
or three times (out of three surveys) and no marked
roe deer were never observed (see Fig. 2A).

These observation probabilities are extremely
high for this rather shy and secretive species which
is generally difficult to observe. Clearly, the observ-
ability of roe deer, and undoubtedly other ungu-
lates, is landscape specific. Indeed, it seems that
roe deer have a low tolerance of disturbance and
hence a long flight distance in these relatively open
landscapes. As a result, the two central observers
often acted as beaters in that they provoked early
flight, allowing the other observers to successfully
identify the individual roe deer. By maintaining
constant radio contact during the observation sur-
veys, we were able to effectively eliminate problems
arising from double counting in almost all cases.
The only possibility of counting the same individual
animal twice occurred when unmarked deer took
flight in the direction of the survey transect, so that
it may have settled further along and may have been
re-observed at a later time during the same survey.
This was rarely a problem as when flight of deer was
provoked, they tended to escape outside the sample
block or circle behind the advancing observer line
(see Reby et al. 1998). However, we did sometimes
re-observe marked animals a second time during
the course of a single survey (eight times in the frag-
mented blocks and only once in the central forest
block), indicating that we also likely observed some
unmarked animals more than once in a given sur-
vey. Such undetected re-observation of unmarked
animals, if frequent, may lead to inflated estimates
of population size.

The estimates of roe deer density that we gener-
ated for the fragmented landscape were remarkably
similar for three of the four sample blocks, but
somewhat lower for the fourth (around half the
density value). These blocks cannot be considered
as true replicates within the fragmented landscape
as habitat factors and variable hunting pressure
may lead to spatial variation in local density levels.
However, it seems likely that the spatial proximity
of some of the blocks (see Fig. 1) and the somewhat
larger roe deer home-range sizes in fragmented
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landscapes (Cargnelutti et al. 2002) mean that there
is some degree of dependence, as deer may move
from one block to another in the course of normal
ranging activity (A.J.M. Hewison, B. Cargnelutti,
J.M. Angibault & N. Morellet, unpubl. data).

While the average deer density was estimated to
be lower in the fragmented landscape (4.0-7.9 roe
deer/100 ha) than in the central forest (34.3 roe
deer/100 ha), this does not take into account differ-
ences in landscape structure. Despite recent range
expansion, roe deer are traditionally considered to
be a woodland species (Hewison et al. 1998), pref-
erentially exploiting the forest edge (Hansson 1994,
Tufto et al. 1996), and have some degree of spatial
attachment to woodland habitat in almost all land-
scapes (Lovari & San José 1997, Hewison et al.
2001). When considering the availability of wood-
land habitat, density in the fragmented landscape
was as high or higher than that of the central forest
which itself carried what can be considered as a high
density roe deer population (¢f. Vincent et al. 1995).
Indeed, in the most open sample block, deer density
per 100 ha of woodland was 145.3, which is excep-
tionally high for this species. However, in such
a landscape, with around only 5% of woodland,
roe deer are expected to extensively exploit the hab-
itat matrix and may spend a large proportion of
their time in fields, hedgerows and meadows (Aulak
& Babinska-Werka 1990, Cibien et al. 1995). This
seems to be supported by our radio-tracking data
(A.J.M. Hewison, B. Cargnelutti, J.M. Angibault &
N. Morellet, unpubl. data) and suggests that roe
deer adapt their foraging and ranging behaviour
to the landscape context in a highly plastic manner.

Our study presents an effective method for ob-
taining density estimates of roe deer in a fragmented
landscape, which are likely accurate in view of the
high proportion of animals observed during sur-
veys. This might suggest that direct censussing of
roe deer is possible in certain landscape contexts for
management purposes. However, this is not our in-
tention; rather, we suggest that the method pre-
sented here will be more appropriately employed
in a research context. Instead, we believe that man-
agers would do better to employ an approach based
on indicators, as estimates of density per se may not
be that useful for large scale management objectives
(see Cederlund et al. 1998). Indeed, indices of abun-
dance (Caughley 1977) and other indicators of eco-
logical change are often easier to measure and may
be more appropriate for managing wildlife popula-
tions (Morellet et al. 2007).
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